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Abstract Features of chip formation can inform the mech-
anism of a machining process. In this paper, a series of or-
thogonal cutting experiments were carried out on unidirec-
tional carbon fiber reinforced polymer (UD-CFRP) under
cutting speed of 0.5m/min. The specially designed orthog-
onal cutting tools and high-speed camera were used in this
paper. Two main factors are found to influence the chip mor-
phology, namely the depth of cut (DOC) and the fiber orien-
tation (angle q ), and the latter of which plays a more dom-
inant role. Based on the investigation of chip formation, a
new approach is proposed for predicting fracture toughness
of the newly machined surface and the total energy con-
sumption during CFRP orthogonal cutting is introduced as
a function of the surface energy of machined surface, the
energy consumed to overcome friction , and the energy for
chip fracture. The results show that the proportion of energy
spent on tool-chip friction is the greatest, and the propor-
tions of energy spent on creating new surface decrease with
the increasing of fiber angle.
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1 Introduction
Carbon fiber reinforced plastic (CFRP) composite consist-
s of carbon fibers encapsulated by plastic matrix. The car-
bon fibers are responsible for carrying load, while the matrix
serves to distribute, hold, and protect the fibers as well as to
transmit the load [1–3]. This unique material structure con-
tributes to the enhanced mechanical and structural properties
and made CFRP an ideal substitute for metals. CFRP com-
posites have many superior properties, such as high strength
to weight ratio, excellent fatigue and creep resistance, low
frictional coefficient, good toughness and damage tolerance,
high wear and corrosion resistance as well as dimension-
al stability, and high vibration damping ability [4, 5]. Due
to their superior properties, CFRP composites become very
attractive in a variety of applications especially in the field
of aerospace, aeronautical and automotive industry. Compo-
nents made from CFRP composites are mostly produced in
near-net-shape. However, secondary manufacturing process-
es such as milling and drilling are often required for impart-
ing the dimensional tolerances and assembly of composite
parts [6–8].
Orthogonal cutting refers to the cutting process in which
the tool edge is perpendicular to the direction of tool travel.
Although it is uncommon in conventional industrial machin-
ing process, the operation provides an essential understand-
ing of the deformation mechanism of machined CFRP mate-
rials. Machinability of CFRP mainly depends on the proper-
ties of fibers and matrix and their combined effects on chip
formation mechanisms [9]. Koplev et al. [10] discussed the
chip size and fracture with regard to fiber orientation using
quasi-static orthogonal cutting tests of carbon/epoxy com-
posites. Arola et al. [11] correlated chip formation mech-
anisms with fiber orientation and tool geometry when or-
thogonally trimming graphite/epoxy composites using PCD
tools. Chip formation was found to be predominately depen-
dent on fiber orientation. Nayak et al. [12] have utilized the
2 Hao Li et al.
orthogonal cutting trials for inspecting the volume of mate-
rial removed when machining glass/epoxy using HSS tool.
Zitoune et al. [13] carried out similar experiments on unidi-
rectional type of carbon/epoxy using the K20 carbide tool.
It can be concluded from these reports that the machinabil-
ity of CFRP is strongly dependent on the machining direc-
tion. When machining laminates with 0 fiber orientation,
the compressive stress induced by the tool edge causes the
fibers to break perpendicularly to their axes under buckling
or bending. In classic fracture mechanics, the crack forma-
tion mechanism is divided into three modes. Mode I: exter-
nal load is the normal stress which is perpendicular to the
plane of crack, and the relative displacement of crack plane
is perpendicular to the crack plane; Mode II: external load is
the shear stress which is perpendicular to the edge of crack
and located in cracking plane. When machining laminates
with fiber orientation 90  q < 180 at a positive rake an-
gle, Mode I fracture initiates along the fiber-matrix interface
causing delaminated material peel and slide on the rake face.
When the fiber orientation is 0  q < 90, Mode II fiber
failure occurs under compressive shear [6]. However, the in-
fluence of cutting parameters on chip morphology has not
been elaborated in detail.
Cutting process models for composite materials have been
developed over the past decades [14–18], and many of these
models are based on the Merchant’s single shear plane mod-
el [19], which was originally developed for metallic materi-
als.
However,the CFRP cutting process is quite different as
compared to metal cutting [20]. Several studies have adopt-
ed the Merchant shear plane theory for developing the con-
stitutive approach. Everstine et al. [15] developed the first
theoretical model on the cutting of FRP materials. The com-
posite is treated as incompressible and inextensible along
the fiber direction and the fibers are continuously distribut-
ed. The authors proposed a deformation field in the chip
analogous to the field of the thick zone model with rup-
ture and separation occurring ahead of the tool. Bhatnagar
et al. [16] have presented an approach based on the Mer-
chants theory and experimental validation on CFRP of fiber
angle 0  q < 90. In this model, the authors assumed the
shear plane angle to be the fiber angle where failure oc-
curs. Zhang et al. [17] developed a mechanical model to
predict cutting forces during the orthogonal cutting of unidi-
rectional FRP, For fiber orientations below 90, the cutting
zone has been devided into three regions: chipping, press-
ing and bouncing. Jahromi et al. [18] developed an analyti-
cal model using elastoplastic matrix behavior to predict cut-
ting forces during orthogonal cutting of unidirectional FRP
(90  q < 180) and the authors distinguished three chip
formation mechanisms: fiber bending, fiber microbuckling
and matrix shearing. And recently, the microscopic mecha-
nism based on force prediction in orthogonal cutting of UD-
CFRP was elaborated with analyzing the representative vol-
ume element [3]. However, due to the distinctively different
material properties, it is difficult to accurately predict ac-
curately the failure and identify the chip formation mecha-
nisms for composites, therefore, the new analysis method is
required to better understand the material removal and chip
formation processes for CFRP.
With the proposition and development of the fracture
energy for newly generated surfaces, the cutting force bal-
ance model and energy conservation equation have been im-
proved. Atkins [21] concluded that the work of fracture can
be a significant component of total cutting work and es-
tablished the cutting force equation by considering the sur-
face energy as well as the plastic deformation in the pri-
mary shear zone and the friction along the tool-chip inter-
face. Astokhov et al. [22] presented a methodology for prac-
tical estimation of cutting force and cutting power. Recently,
Williams et al. [23] proposed a mechanical cutting method-
ology for the measurement of fracture toughness and it is
validated for several types of polymers. The approach is
proven to be effective while avoiding the problems associ-
ated with crack blunting. However, to date, the analysis on
fracture toughness and energy conservation has yet been de-
veloped for CRFP machining processes.
In this paper, detailed experimental investigation on UD-
CFRP orthogonal cutting and chip formation mechanism are
presented. The shear angle in orthogonal cutting with 0 
75 fiber orientation has been obtained by examining the
morphology feature of chipping region. A new method is
introduced for measuring fracture toughness of newly ma-
chined CFRP based on the Williams model [23], which led
to the formulation of the energy consumption model. Final-
ly, the energy conservation analysis in the CFRP cutting pro-
cess is also discussed in details.
2 Experiments
Fiber orientation angle is firstly investigated because of its
great influence on chip formation in CFRP machining [16].
The fiber orientation angle, q , is defined in Fig. 1. The tool
feeding direction (cutting direction) is defined as the initial
position (0). When the tool rotates and coincides with the
fiber orientation, the angle of rotation will be defined as the
fiber orientation angle, q . In this paper, the selected fiber
angles were: 0, 15, 30, 45, 60, 75, 90, 120, 135
and 150.
The orthogonal cutting tests were carried out using spe-
cially designed cutting tools on a JOHNFORD (VMC-850)
vertical machining center, as shown in Figure 2. The tool
matrix material is solid tungsten carbide (WC-8%Co), and
the cutting edge length is 7mm which is greater than the
workpiece thickness (5mm), thus, the tool can effectively
cut through the entire workpiece during orthogonal cutting
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Fig. 1 Schematic definition of fiber angle q in CFRP orthogonal cut-
ting
Fig. 2 Experimental set-ups of CFRP orthogonal cutting
process. The rake angle and clearance angle are 25 and 20,
respectively. Meanwhile, in order to ensure the sharpness
of cutting edge, the tool is uncoated. The tool spindle was
locked to ensure no rotational motion during the tests. Un-
der the selected machine setting the tool can only feed in the
horizontal direction, and orthogonal cutting of different fiber
orientations can be achieved by using different workpieces.
The CFRP material was made from unidirectional prepreg
with carbon fiber and epoxy resin matrix, and the material
properties can be found in Table 1.
A Kistler three-direction stationary dynamometer (9257)
with supporting Kistler charge amplifier (type 5070) was
used, and data acquisition board and Kistler software were
deployed for X and Y direction cutting force measuremen-
t. During the orthogonal cutting, high-speed camera images
were captured at 500pps. In order to obtain better quality
images, a high power light source was used, shown in Fig.
2. The experimental condition has been defined following
literature [12, 13, 24, 25] and details are listed in Table 2.
3 Experimental observation of chip formation
In CFRP, the ultimate strength of carbon fibers is much larg-
er than that of the resin matrix, hence the fibers imposes
most influence on the cutting process. Since carbon fiber be-
longs to elastic-brittle materials, its deformation during cut-
ting is similar to other brittle materials. Different fiber orien-
tation leads to anisotropic material properties, which in turn
leads to different material deformation and chip formation
mechanism. In CFRP cutting (especially for unidirection-
al CFRP), the cracking in workpiece always forms ahead of
the cutting tool. Mode I and II are found to be the main crack
propagation modes for CFRP orthogonal cutting process [6].
Depending on the fiber orientation, cutting process char-
acteristics have been categorized into four types [26]: 0,
15-75, 75-90 and 90-180 fiber orientation. The anal-
ysis of chip formation in this study has also based on this
classification.
3.1 Fiber angle q =0
The images of chip formation at 0 fiber angle is shown in
Fig. 3. It is clearly seen that the chip morphology is de-
pendent on the DOC (ac). When ac=0.1mm (Fig. 3a and
b), the chips are powder-like. Material crushing or peeling
took place at the tool tip, leading to fiber bucking/bending
fracture. For ac=0.5mm (Fig. 4 c and d), the crack forms
and propagates along the fiber direction ahead of the tool. In
other words, the tool is cutting on a surface that has already
experienced bending and cracking. The DOC in this second
cut zone (red circle in Fig. 3d) was no longer 0.5mm, but
much shallower in the second cut zone.
Fig. 3 Chip formation process in UD-CFRP orthogonal cutting (q =
0)
As the tensile strength of the matrix (50MPa) is much
lower than the compressive strength of the fiber, separation
of the two phases occurs at of the tool tip and Mode I frac-
ture initiates along the fiber direction causing a layer of ma-
terial to peel and to slide on the rake face. The tool continues
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Table 1 Material properties of T700/E765 epoxy resin matrix composites
Tensile Strength, Yield Tensile Modulus Compressive Strength Compressive Modulus Shear Strength
2300 MPa 125 GPa 738 MPa 123 GPa 39.3 MPa
Table 2 Experiment condition
Cutting speed(V ) Depth of cut(ac) Cutting width(aw) Cooling conditions
0.5m/min 0.1, 0.2, 0.5mm 5mm Dry
Fig. 4 Chip formation in UD-CFRP orthogonal cutting (15  q < 75)
to travel causing an increased bending stress on the peeled
layer. The chip eventually breaks in direction perpendicu-
larly to the fiber when the bending stress exceeds the bend-
ing limit of fiber, resulting in a blocky chip. Nevertheless,
the powder-like chips were observed in the second cut zone,
similar to what has been seen in Fig. 3 (a, b). The irregular
powder-like chips consist of fiber and matrix powders result-
ing from the shear stress along the fiber direction (Mode II
fracture) and the materials buckling. The thickness of blocky
chip (caused by Mode I fracture) is dependent on DOC, and
its length is dependent on the rake angle of the tools and the
fibers bending stress.
3.2 Fiber angle 15  q < 75
Fig. 4 illustrates the chip formation process for 15  q <
75. In this case, compression imposed by the cutting tool
edge induced shear stress perpendicular to the axis of the
fiber.When the shear stress exceeds the ultimate shear strength
of carbon fiber, fiber fracture occurs. After that, the failed
fiber slides along in the fiber direction under the compres-
sion induced by the cutting tool until a chip is formed (Mode
II fracture). Therefore, when the fiber orientation is 15 
q < 75 (only q = 30 and q = 60 shown in Fig. 4), micro-
fracture occurs due to the compression-induced shear across
the fiber axis and the interfacial shearing along the fiber di-
rection, which eventually causes chip separation from the
workpiece.
For this set of experiments, the DOC is also found hav-
ing a significant influence on the morphology of chip. When
the depth of cut is relatively low (ac=0.1mm), the morphol-
ogy of chips are continuous and ribbon-like, which turn into
blocky when the depth of cut is 0.5mm, as shown in Fig. 4.
Unlike the continuous chip in metal machining, the contin-
uous chip in CFRP orthogonal cutting is formed by weakly
connected tiny chips which separate easily as the tool trav-
els, as shown in Fig. 4 (c).
In the case of 15  q < 75, the geometrical morphol-
ogy of shear plane, i.e., the separation surface between chip
and workpiece, was obtained using microscope with high
resolution and depth of field. Due to the slip at the fiber/matrix
interfaces, no fiber breakage was observed in shear plane,
as shown in Fig. 5(a). Based on the 3D coordinate value of
shear zone under different fiber orientation, the value of s-
hear angle for different Y position is obtained from trigono-
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Fig. 5 Shear plane in UD-CFRP orthogonal cutting (15  q < 75)
metric calculation. The mean shear angle corresponding to
fiber angle 30, 45 and 60 were 28.6, 44.7 and 59.1, re-
spectively, as shown in Fig. 5(b,c,d). The calculation results
are closely coordinated with the corresponding fiber angles.
Therefore, it can be concluded that chips are produced by
shearing along the fiber direction and the shear angle can be
substituted by fiber angle for 15  q < 75. This is useful
for analysis of fracture toughness in Section 4 of this paper.
3.3 Fiber angle 75  q < 180
In the case of relatively high fiber orientation angle (75 
q < 180), the chip is yielded due to bending under a severe
compressive loading with an out-of-plane shear resulting in
an inter-laminar deformation, as shown in Fig. 6(a, b and
c). Mode I fracture is not seen whereas mode II occurs as
soon as the tool comes into contact with the specimen [6].
The roughness of machined surface was poor due to the p-
resence of the micro-cracks. Some of the bent fibers failed
when the bending stress exceeds the yield strength of the
fiber, and this mostly occurred below the cutting edge (cut-
ting plane) where maximum stress occurs. Other bent fibers
tend to bounce back, as shown in Fig. 6(c), and this would
degrade the quality of machined CFRP surface. Under this
set of machining condition, the chip is continuous ribbon-
like when ac=0.1mm, and blocky chips were produced when
ac=0.2mm. As shown in Fig. 6(d), a catastrophic through
crack was formed under a relatively larger DOC.
4 Fracture toughness and energy distribution
In the case of 15  q < 75, the removed material under-
goes shear yielding in the direction of fiber orientation when
it moves along the tool rake face during orthogonal cutting
process. In this case, the fracture occurs at the tool tip where
the primary shear zone contacts with the bulk material. Fig.
7 shows schematically the orthogonal cutting process where
the geometric parameters of cutting zone and the cutting
force between tool and chip are illustrated. The red dashed
lines represents the chip separation surface in orthogonal
cutting process.
As CFRP is a elastic-brittle material, and no plastic de-
formation takes place during the cutting process, the follow-
ing equation applies,
ach = ac;Vc =V (1)
where ach is the chip thickness, ac is the DOC, Vc is the
chip flow speed and V is the tool cutting speed.
The fracture takes place at the point where the tool tip is
in contact with the primary shear zone of the removed CFR-
P layer. The horizontal cutting force acting on the tool tip
is the direct factor causing the removed layer to separate
from the bulk material [27]. Consequently, the horizontal
cutting force per unit width along the tool tip is equivalent
to the materials fracture toughness Gc, the value of which
can be further regarded as surface energy. As a result, the
remained horizontal force per unit width between tool and
chip is (Fc=aw) Gc, where aw is the cutting width. The
force equation on the shear plane can be expressed as [28]
Fc
aw
  Ft
aw
tanf = t1ac(tanf +
1
tanf
)+Gc (2)
where t1 is the shear strength of the work-piece along
the fiber direction, Fc is the horizontal cutting force and Ft
is the thrust force.
It is found that the shear plane exists along the fiber di-
rection when 15  q < 75. Chips are produced against the
cutting tool by shearing of the fiber-matrix interface along
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Fig. 6 Chip formation in UD-CFRP orthogonal cutting (75  q < 180)
the fiber direction, as elaborated in section 3. Hence, the s-
hear angle f can be substituted by fiber angel q and Eq.(3)
giving
Fc
aw
  Ft
aw
tanq = t1ac(tanq +
1
tanq
)+Gc (3)
Using the value of tanq , the measured cutting force Fc,
thrust force Ft , and subsequently the values of Fc=aw  (Ft=
aw) tanq and ac(tanq +1= tanq) under different DOCs and
fiber angles can be calculated. Once Fc=aw  (Ft=aw) tanq
versus ac(tanq +1= tanq) is fitted into Eq. (3), the fracture
toughness and shear strength of the workpiece can be ob-
tained from the value of the vertical intercept and the slope
of the fitted regression line.
Fig. 7 Diagram of UD-CFRP orthogonal cutting model in the case of
75  q < 180
According to the cutting process of CFRP orthogonal
cutting, with cutting speedV , the increment of external work,
Eext , is given by FcV . Under steady-state conditions, the en-
ergy remains unchanged and the following equation applies
Eext = Ediss (4)
where Ediss is the increment of dissipated energy and can
be given by,
Ediss = E f ract +E f rict +Echip (5)
where E f ract , E f rict and Echip are the fracture energy of
new surface, frictional energy on the tool-chip interface, and
chip fracture energy during the chip formation process, re-
spectively. Thus, the energy required to form a new surface
(i.e. the materials fracture toughness Gc) is comparable with
the energy consumed for plastic deformation and friction
work and should not be ignored [28]. Hence in this study
the new surface fracture energy is given by
E f ract = GcawV (6)
The friction force on the tool-chip interface is given by
S= (Fc awGc)sing0+Ft cosg0 (7)
where g0 is the tool rake angle, and from Eq. (1), the friction
energy on the tool-chip interface can be obtained by,
E f rict = S Vc = S V
= [(Fc awGc)sing0+Ft cosg0]V
(8)
The chip morphology has been analyzed in Section 3 of
this paper, and the chip removal mechanism is mainly inter-
laminar sliding along the fiber orientation q . This fracture
energy is the product of energy required for the formation of
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one fracture face and the number of fracture planes formed
per unit time
Echip = E f r
V
d
(9)
where d is the chip block thickness measured directly
from CFRP orthogonal cutting process, which is illustrated
in Fig. 7. E f r is the fracture energy required for a single chip
separation from a fracture plane
E f r = G
0
cA f r (10)
where G
0
c is the chip surface energy which can also be called
chip fracture toughness [29]. A f r is the area of fracture in
a shear plane, the fracture area, and can be expressed as
acaw=sinf and the chip fracture energy can be expressed
as follows
Echip = G
0
cA f r f = G
0
c
awac
sinf
V
d
= G
0
c
awac
sinq
V
d
(11)
Therefore, the energy distribution on the four portions (i.e.
plastic deformation, friction, new surfaces formation and chip
fracture) can be analyzed with Eq. (12).
FcV =GcawV+[(Fc awGc)sing0+Ft cosg0]V+G0c
awac
sinq
V
d
(12)
Fig. 8 Experimental results of the cutting forces (F=aw) with the vari-
ation of fiber orientation
5 Results and discussion
5.1 Shear strength and fracture toughness
As shown in Fig. 8, the principle cutting force Fc increases
with fiber orientation (15  q < 75) for different DOC se-
lected. The thrust force Ft , however, is not sensitive to DOC
and decreases with increasing q . Combined with the mea-
sured results of cutting force Fc, thrust force Ft and cutting
parameters under the three different DOCs for each fiber ori-
entation (15, 30, 45, 60 and 75) , five line-fittings be-
tween Fc=aw  (Ft=aw) tanq and ac(tanq +1= tanq) are ob-
tained based on Eq. (4), as shown in Fig. 9. The correlation
coefficients (R2 value) of the five lines are all greater than
0.93. The fracture toughness Gc and the shear strength t1 of
the workpiece material with five different q can then be de-
termined from the vertical intercepts and the slopes of these
fitted lines. The calculation results of Gc and t1 for different
is shown in Table 3.
From Table 3, it can be found that the shear strength a-
long fiber direction is independent on fiber angle. The mean
value of shear strength is 12.290 MPa, whereas the experi-
mental measurements of fiber-matrix interface shear strength
is 15-25MPa [30], the variation might be due to error in cut-
ting force measurements and the effect of cutting edge ra-
dius. The fracture toughness of new machined surface Gc
of different fiber orientations are also shown in Table 3. No
obvious change in Gc can be found with increasing fiber an-
gle, the mean value of will be used for energy conservation
calculation in the following section.
Fig. 9 Line fitting of Fc=aw (Ft=aw) tanq vs. ac(tanq+1= tanq), (Fc
: cutting force, Ft : thrust force, aw : cutting width, q : fiber angle, ac :
uncut chip thickness)
5.2 Energy distribution in CFRP orthogonal cutting
The chip surface energy G
0
c under different cutting condi-
tions can be obtained through polynomial operation of E-
q. (12). The energy consumed during the cutting process is
attributed to new surface energy, friction and chip fracture
energy. Fig. 10 shows the energy distribution on these three
factors for fiber angles 30, 45 and 60, respectively. When
the fiber angle is 30, the energy spent on the new machined
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Table 3 Results of shear strength and fracture toughness under different fiber angles
q() 15 30 45 60 75 Mean value
t1(Mpa) 12.5 14.8251 12 11.4932 10.634 12.290
Gc(KJ=m2) 10.3597 8.7914 9.8667 11.8374 9.9785 10.166
surface accounts for 32.36%, the energy for the friction ac-
counts for 51.14%, while the energy spent on the chip frac-
ture accounts for 16.5%. It can be found that the new sur-
face energy in CFRP orthogonal cutting tends to decrease
with increasing q . For all three fiber orientations, the energy
consumed in tool-chip friction is the greatest, and its value
increases with increasing q . This might be caused by the in-
creasing friction coefficient at the interface of tool-chip for
different q .
Fig. 10 Effect of fiber angle on the energy distribution in CFRP cutting
process (cutting speed: 0.5m/min, DOC: 0.1mm, and rake angle: 5)
6 Conclusions
In this work, a new approach is proposed for predicting UD-
CFRP fracture toughness based on the Williams model. En-
ergy conservation analysis is carried out which considers the
energy consumption for creating newmachined surface. The
fracture toughness of separation between segments in block
chips in CFRP orthogonal cutting process has also been dis-
cussed. The following conclusions are drawn:
1. Both fiber orientation q and DOC have strong influ-
ence on the chip formation mechanism and chip morpholo-
gy. The chips are powder-like or ribbon-like, when the DOC
is small (0.1mm in this paper), but become blocky with
increasing DOC.
2. In the case of 15  q < 75, chips are produced by
the matrix-fiber interface shearing along the fiber direction;
and when the fiber angle is over 75, the chip is yielded due
to bending fracture and might lead to the fiber bouncing-
back in the cutting process, and this would degrade the sur-
face roughness of machined surface.
3. The fracture toughness and shear strength of the work-
piece material can be determined from line fitting of Fc=aw 
(Ft=aw) tanq and ac(tanq + 1= tanq) when the fiber orien-
tation q is between 15 and 75, the fracture toughness of
new machined surface Gc is independent of q .
4. The energy consumption during the CFRP machining
process consists of three factors (new surface energy, fric-
tion and chip fracture energy) and the tool-chip friction en-
ergy plays a predominant role, then is new surface energy
and chip fracture energy. Energy consumption for creating
new machined surface decreases with increasing q .
This work provides new insights into the machining pro-
cess of CFRP, which may in turn help to improve the com-
posite machining process quality control.
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